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E-mail address: cdekker@icr.ac.ukThe just-in-time hypothesis relates to the assembly of large multi-protein complexes and their reg-
ulation of activation in the cell. Here I postulate that chaperonins may contribute to the timely
assembly and activation of such complexes. For the case of anaphase promoting complex/cyclo-
someCdc20 assembly by the eukaryotic chaperonin chaperonin containing Tcp1 it is shown that
just-in-time synthesis and chaperone-assisted folding can synergise to generate a highly regulated
assembly process of a protein complex that is vital for cell cycle progression. Once dependency
has been established transcriptional regulation and chaperonin-dependency may have co-evolved
to safeguard the timely activation of important multi-protein complexes.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction just-in-time synthesis, whereby the activity of a complex perform-Protein interactomes are highly dynamic systems, both with re-
gards to protein abundance and post-translational modiﬁcation,
and this is not always reﬂected in static interaction networks. Yet
there is huge potential in integrating multiple data types, even
when incomplete or noisy, as it can form consensus networks
revealing biological relevance [1]. A great example of that is the
integration of proteomics data with periodic expression data in or-
der to indicate which known protein–protein interactions take
place during which part of the cell cycle [2]. The study of periodic
expression has been given another dimension by Jensen et al. [3],
showing that both transcriptional and post-translational regulation
of individual genes andproteins is surprisingly poorly conservedbe-
tween different organisms. This means that although for example
core components involved in cell cycle progression are conserved
across eukaryotes, both structurally and functionally, their tran-
scriptional regulation may vary from organism to organism. It im-
plies that in certain cases co-evolution of transcriptional and post-
translational regulationmust have taken place. This is an important
ﬁnding as it means that we cannot simply project a model for tran-
scriptional regulation as obtained for one organism onto another.
In line with this idea, the authors proposed the hypothesis of
just-in-time assembly [4], as a more generally applicable form ofchemical Societies. Published by E
ex/cyclosome; CCT, chapero-
2A, protein phosphatase 2Aing a certain role in cell cycle progression can be regulated by the
expression of just one crucial component. The authors observed a
clear tendency of genes encoding periodically expressed dynamic
subunits to have a peak in their transcription rate just before the
complex is known to function. If themain components of a complex
are being constitutively expressed but inactive (static subunits),
then activity is sharply regulated by producing a spike in the expres-
sion of the last remaining component, and the production of this
protein will lead to assembly of the complete active complex.
2. Just-in-time assembly of APC/C
One important example of a cell cycle regulatory dynamic com-
plex is anaphase promoting complex/cyclosome [5]. It consists of
typically 11–13 subunits and is inactive unless fully assembled.
Cdc20 is an ubiquitin-ligase cofactor that assembles with APC/C
in S phase, peaks in mitosis and drops in G1 [6]. In Saccharomyces
cerevisiae, 11 APC/C components are static components whereas
Cdc20 is periodically expressed (Fig. 1), showing a spike in expres-
sion that is in line with the idea of just-in-time assembly (Table 1).
However, the gene product of Cdc20 does not assemble into the
complex straight away, as folding of Cdc20 is strictly dependent
on a chaperone. The folding and functionality of Cdc20 has been
studied extensively and is dependent on the chaperonin containing
Tcp1 [7]. Cdc20 is a WD40 domain protein and is expected to form
a b-propeller [8]. The eukaryotic chaperonin CCT, a 1 MDa chapero-
nin assembled into two rings of 8 different subunits each, is in-
volved in the folding of actin and tubulin as well as a number of
WD40 domain proteins [9,10].lsevier B.V. All rights reserved.
Fig. 1. Expression proﬁles for yeast CDC20 plotted as a function of cell cycle
progression, adapted from cyclebase.org [12] and based on the databases as
indicated in the legend, referring to S1: Spellman-alpha [20], S2: Spellman-Cdc15
[20], P1: Pramila-alpha30 [21], P2: Pramila-alpha38 [21], Ch: Cho-Cdc28 [22], dL:
de Lichtenberg-Cdc15 [23].
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dency of the speciﬁc activity of APC/C on CCT puts certain restric-
tions on the just-in-time hypothesis. If the peak in expression
proﬁle of Cdc20 has to have any relevance to regulation of APC/C
activity, then the folding action as performed by CCT should not
negatively interfere with that strict correlation. In mathematical
terms: the folding by CCT should not broaden the spike of Cdc20
expression in time.
It is of course possible that CCT folding is fast and either co-
translational or immediately post-translational so that indeed the
activity of Cdc20 is mainly regulated by its own expression. OnTable 1
A comparison of periodicity of expression of APC/C components across three species, as ob
yellow. Genes are ranked according to their periodicity with the highest RANK given to
regulatory or periodic expression resp. being random.the other hand, if CCT folding of Cdc20 were slow, the availability
of and the folding by CCT would be the rate-determining step in
APC/C activation even though Cdc20 expression is highly regulated.
This would counteract the effect of periodic expression of Cdc20,
and since this is conserved as shown in Table 1, it seems an unli-
kely scenario. Alternatively, CCT folding of Cdc20 could be regu-
lated in such a way that it provides another level of regulation of
APC/C activation, by playing a role in the spatial and temporal reg-
ulation of APC/C assembly.
A related problem is mentioned by Jensen et al.; post-transla-
tional modiﬁcations and in particular phosphorylation are often
regulators of activity [3]. Phosphorylation seems to speciﬁcally tar-
get the dynamic proteins [2]. Periodic expression needed for just-
in-time assembly and phosphorylation can be seen as independent
layers of regulation. Chaperone action however may not be entirely
independent of transcriptional regulation, but could introduce an
additional layer of regulation on top of periodic expression. How
does this ﬁt in with the hypothesis of just-in-time assembly? Are
the chaperone-dependent components of large complexes always
dynamically expressed proteins? Is the chaperone-dependence
of a dynamic protein suggesting a top-layer regulation by
chaperones?
Our recently published ‘interactome’ of CCT, based on both pro-
teomics and genetic interaction data [9] gave some surprising in-
sights, identifying many CCT substrates as well as co-factors, co-
chaperones or other binding partners. For budding yeast, transla-
tion rates have been determined for the yeast metabolic cycle
(YMC) revealing a positive correlation between expression of pro-
teins functioning in the same cellular process or cellular time
frame [11]. When plotting these correlation coefﬁcients for the
CCT interactome as a simple heat map, relations between CCT
and known partner proteins are easily picked out [9]. Notably,
for the cytoskeletal sub-network, the strongest correlations aretained from cyclebase.org [12]. Highly periodically expressed proteins are highlighted
the most tightly periodic expressed gene, P(reg) and P(per) show the probability of
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tween CCT and actin and tubulin folding mediating co-factors, like
Prefoldin and Plp2. Given the time-frame based nature of the YMC
expression data, this makes sense, as chaperone and co-factor will
have to be in place prior to substrate synthesis or assembly.
While this type of logic works well for known CCT substrates
and known cellular networks, would it be generally applicable to
wider networks and unknown or less well-studied systems? The
cross correlation table was plotted for CCT and APC/C core compo-
nents (Supplementary Fig. 1). The top left corner of the table re-
veals strong internal correlation between CCT subunits. There is
also strong positive correlation between Cdc26 and all CCT sub-
units. Both Cdc20 and Cdh1 are known CCT substrates [7] and
show typically no strong correlation with any of the CCT subunits.
Surprisingly there is a very strong correlation between Cdc20 and
Apc9. To bring this into context with the just-in-time hypothesis,
the just-in-time synthesis of the last component needed for a large
multi-protein complex could reﬂect the underlying strictly hierar-
chical and highly regulated way of synthesising each individual
component of these crucial complexes. This could illustrate how
the order in which components are expressed and assembled
may vary from organism to organism, while still maintaining the
necessary hierarchy to control activation of the ﬁnal complex.
Expression level data cannot be used to predict the type of
interaction between two proteins that show strong correlation.
For example, we know that CCT and actin physically interact; yet
there is little correlation between their expressions. On the other
hand we see strong correlation between CCT and Prefoldin sub-
units [9], yet it is extremely hard to detect a CCT–Prefoldin com-
plex probably due to the transient nature of this interaction. For
APC/CCdc20 to become active, the cell needs to be in a state compat-
ible with cell cycle progression. CCT-dependent proteins Cdc20 and
Cdh1 show no correlation with subunits of the chaperonin, but
other components of APC/C do and hence may act as either co-fac-
tors or sensor molecules that inﬂuence the balance between the
number of APC/C complexes to be assembled and the number of
CCT complexes needed for that. The fact that both Cdc20 and
Cdh1 can confer activity to APC/C [5] and are dependent on CCT
suggests that the chaperonin plays a role in the timely activation
of APC/C. Both Cdc20 and Cdh1 are WD40 domain proteins that
form b-propellers. Many but typically not all WD40 domain pro-
teins are dependent on CCT. For example, no interaction between
CCT and Bub3 could be detected [7] even though this is also a 7-
bladed WD40 domain protein. This suggests that some WD40 pro-
teins have evolved to remain or become chaperonin-dependent,
thereby safeguarding a level of regulation.
Table 1 shows the CCT subunits and the APC/C core components
and their periodic expression proﬁle as extracted from cycle-
base.org [12] for budding and ﬁssion yeast as well as human. In
this table, a low rank number indicates a strictly periodically ex-
pressed protein and follows from low P-values for both periodicity
and regulation. The P-value indicates the chance of ﬁnding a cer-
tain expression pattern amongst random genes, and if this chance
is low it implies the expression pattern is far from random hence
highly periodic [12]. From this table it is clear that none of the
CCT subunits are periodically expressed. For S. cerevisiae the APC/
C core components are all static, but Cdc20 is highly dynamic. It
has been shown that CCT is able to recognize Cdc20 throughout
the cell cycle [7], hence the underlying transcriptional regulation
is crucial for timely activation of APC/C. For Homo sapiens and
Schizosaccharomyces Pombe Cdc20 is also strictly periodic. The peri-
odic expression of Cdc20 is conserved in the three species shown
here, whereas this is not the case for the rest of the APC/C complex.
For human, Cdc27 is periodic, whereas for ﬁssion yeast both Apc2
and Apc15 are periodic. In ﬁssion yeast Cdc20 is one of the highest
ranked periodic proteins. Interestingly, although Jensen et al. [3]point out that post-translational regulation may vary from organ-
ism to organism, the dynamic regulatory role of Cdc20 seems con-
served. This could be partly explained by Cdc20’s dependency on a
chaperonin. If chaperonin-dependency forms a top layer of regula-
tion in addition to regulatory expression, then once a dynamic pro-
tein like Cdc20 is chaperonin dependent, its expression regulation
becomes ‘locked in’ and it will be less likely for the complex as a
whole to evolve towards regulation by any other subunit, other
than Cdc20.3. Multiple mechanisms
As mentioned, both Cdc20 and Cdh1 are CCT-dependent and
they are both subject to posttranslational modiﬁcations, yet APC/
CCdc20 acts prior to APC/CCdh1. Cdc20 assembles with APC/C as soon
as APC/C is phosphorylated at the beginning of mitosis, yet the
spindle-assembly checkpoint can restrain APC/CCdc20 activity in a
substrate-speciﬁc manner [5]. Binding of numerous cofactors,
including Mad2, BubR1, Emi1, and phosphorylation of Cdc20 by
Bub1, MAPK, Cdk1 and PKA contribute to the temporal and spatial
control of APC/CCdc20 activity. Binding of Mad2 or BubR1 inhibits
APC/CCdc20 activity, but does not lead to dissociation of Cdc20 from
APC/C, neither does phosphorylation of Cdc20 by kinases [8]. Thus,
Mad2, BubR1 and Bub1 inhibit APC/CCdc20 through interfering with
the function of Cdc20 at a step that is subsequent to Cdc20 binding
to APC/C. Also, because Cdc20 is still associated with APC/C, it al-
lows autoubiquitination of Cdc20 by APC/C, resulting in reduced
protein levels of Cdc20 [8]. Cdh1 is prohibited from assembly with
APC/C while phosphorylated. Only when Cdk1 activity drops as a
consequence of APC/CCdc20 activity can Cdh1 be de-phosphorylated
and bind to APC/C, which subsequently leads to the degradation of
Cdc20 [5].
Hence there are two mechanisms of regulation that apply to
both cofactors, yet in different order. In short, Cdc20 is dependent
on CCT for folding and assembly into APC/C, after which its activity
and substrate speciﬁcity can be modulated by phosphorylation and
ubiquitination. In contrast, Cdh1 is dependent on CCT for folding,
but phosphorylation prevents its immediate assembly with APC/
C, thereby restricting its activity.
The controlled activity of APC/C is governed by multiple mech-
anisms. The regulation of APC/CCdc20 is the result of combined
events of transcriptional and posttranslational regulation, as well
as protein degradation. APC/CCdc20-activity depends on the degra-
dation of inhibitors, like Emi1 and Mad2, and of Cdc20 itself [6].
From a biophysical point of view, degradation is selective on par-
tially or fully unfolded proteins, hence degradation rates are
mainly determined by protein stability [13]. An evolved chapero-
nin-dependency of Cdc20 potentially contributes to both a timely
built-up of effective concentration (in conjunction with just-in-
time assembly) as well as regulation via effective degradation. In
general, proteins are only marginally stable, and an unstable pro-
tein has a decreased effective concentration. Increasing stability
therefore results in a concomitant loss of ﬂexibility and activity
[13]. Moreover, highly stable proteins are more protease-resistant
and therefore difﬁcult to regulate. In the case of Cdc20 a balance
has to be struck between obtaining an active fold at the right time
while also being accessible to proteases for rapid degradation. A
meta-stable fold and hence CCT dependency might facilitate both.
Throughout evolution there has been a trade-off between activity
and stability that leads to evolutionary dynamics whereby func-
tional adaptation results in a destabilized protein [13]. This is in
line with development towards chaperone-dependency for essen-
tial proteins, which has indeed been observed in a large-scale
chaperone-protein interaction study [14]. The study detailing the
yeast chaperone interactome also shows that essential chaperones
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Fig. 2. Simpliﬁed representation of the role of CCT in the just-in-time (jit) assembly of APC/CCdc20. Crucial timing of APC/CCdc20-activity is achieved by a combination of just-
in-time synthesis and assembly, in which CCT plays its role. The duration and speciﬁcity of APC/CCdc20-activity is determined by a combination of phosphorylation and
ubiquitination (indicated by M for modiﬁcation) and degradation events.
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tial chaperones might work as specialists in the folding and assem-
bly of speciﬁc proteins [14]. CCT is such an essential chaperone,
that also has a signiﬁcantly high proportion of essential proteins
amongst its interactors [9,15], which is compatible with a regula-
tory function.
Just-in-time assembly is illustrated in this paper by APCCdc20, a
complex that has been studied extensively and that acts at a very
speciﬁc time point in the cell cycle. With more data becoming
available, more complexes can be identiﬁed that match this type
of assembly. Other protein complexes that could be examples of
CCT mediated just-in-time assembly are protein phosphatase 2A
complex and transcription factor II D complex, both multimeric
protein complexes that are subjected to multiple mechanisms of
regulation. The interactome of PP2A is highly interconnected with
CCT [16]. In S. cerevisae, PP2A regulatory subunits Cdc55, a WD40
domain protein, as well as Rts1 have been co-precipitated with
CCT [9,17]. Rts1 is highly periodic in S. pombe, whereas this is less
clear in S. cerevisae and human for either Rts1 or Cdc55. This is pos-
sibly due to inconsistencies between data sets [12] as individual
proﬁles of Cdc55 show periodic expression [11]. It is possible that
CCT mediates Cdc55-Rts1 assembly that subsequently assembles
into PP2A holocomplex. Taf5, a subunit of TFIID and SAGA com-
plexes, is a WD40 domain protein that co-precipitates with CCT
and whose expression proﬁle shows strong correlation with CCT.
Taf5 dimerization is required for complex assembly [18] and its
periodic expression proﬁle correlates strongly with Taf4, a subunit
suggested to play a role in nucleation of TFIID complex assembly
[19]. Although WD40 domain proteins are likely candidates for
assembly regulation due to their predicted role in establishing pro-
tein interaction interfaces, the involvement of CCT in regulation is
likely to extend beyond this class of proteins. Interestingly, as indi-
cated in our CCT interactome study [9], Cdc20, Cdh1, Cdc55 and
Taf5 are 4 proteins out of 20 conserved CCT interacting proteins
that are present in Encephalitozoon cuniculi, an organism whose
tiny genome can be seen as representing the minimal eukaryoticgenome. This reinforces the idea of evolutionary conserved depen-
dency of this set of proteins on the chaperonin CCT, and hints at the
potentially ancient coupling of CCT to cell cycle control. This has
important implications for human cancer studies as CCT has been
shown to be a network hub in a number of interaction proteomes,
which identiﬁes this chaperonin as a potential key target.4. Conclusion
The just-in-time hypothesis relating to the assembly of large
multi-protein complexes offers a likely explanation for regulation
of activation of protein complexes in the cell. Chaperonins do not
necessarily interfere with such a mechanism, and could in fact con-
tribute to the ﬁne-tuning of the timely assembly and activation of
such complexes, as illustrated for APC/CCdc20 (Fig. 2). In this way,
chaperonins are acting as high-level regulators and modulators of
the interactome [1], allowing the integration of information arriv-
ing at a single point in time and space from different sub-networks.
Looking at expression levels of known assembly systems suggests
that synthesis of the individual components could be hierarchical
and highly regulated, but the scrambling of such a possible hierar-
chy between different organisms does not necessarily interfere
with the timing of the activation. However, once a key-component
of an active assembly has developed chaperonin-dependency, then
the chaperone-assisted step has become locked-in and will remain
part of the activation mechanism. As for co-evolution of transcrip-
tional and post-translational regulation [3], it is similarly feasible
that, once established, transcriptional regulation and chaperonin-
dependency have co-evolved to safeguard the timely activation
of important multi-protein complexes.Acknowledgement
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